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Extracellular matrixHuman mesenchymal stem cell (hMSC) migration and recruitment play a critical role during bone frac-
ture healing. Within the complex three-dimensional (3-D) in vivo microenvironment, hMSC migration is
regulated through a myriad of extracellular cues. Here, we use a thiol–ene photopolymerized hydrogel to
recapitulate structural and bioactive inputs in a tunable manner to understand their role in regulating 3-
D hMSC migration. Speciﬁcally, peptide-functionalized poly(ethylene glycol) hydrogels were used to
encapsulate hMSC while varying the crosslinking density, from 0.18 ± 0.02 to 1.60 ± 0.04 mM, and the
adhesive ligand density, from 0.001 to 1.0 mM. Using live-cell videomicroscopy, migratory cell paths
were tracked and ﬁtted to a Persistent Random Walk model. It was shown that hMSC migrating through
the lowest crosslinking density and highest adhesivity had more sustained polarization, higher migrating
speeds (17.6 ± 0.9 lm h1) and higher cell spreading (elliptical form factor = 3.9 ± 0.2). However, manip-
ulation of these material properties did not signiﬁcantly affect migration persistence. Further, there was a
monotonic increase in cell speed and spreading with increasing adhesivity that showed a lack of the
biphasic trend seen in 2-D cell migration. Immunohistochemistry showed well-formed actin ﬁbers and
b1 integrin staining at the ends of stress ﬁbers. This thiol–ene platform provides a highly tunable sub-
strate to characterize 3-D hMSC migration that can be applied as an implantable cell carrier platform
or for the recruitment of endogenous hMSC in vivo.
 2013 Acta Materialia Inc. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Bone marrow-derived human mesenchymal stem cells (hMSC)
are multipotent cells that are known to be recruited to bone frac-
ture sites and play a signiﬁcant role in bone regrowth [1,2]. As a re-
sult, there is a growing interest within the orthopedic tissue
engineering community to develop materials that could serve as
carriers for hMSCs or to recruit endogenous hMSCs to promote
the healing of bone fractures and defects [3,4]. Minimally, the tar-
geted materials must be engineered to permit or promote cell inﬁl-
tration, so understanding the role of various matricellular signals
in regulating migration of hMSC populations (e.g. their speed, per-
sistence) is often essential [5]. In this regard, many synthetic mate-
rials have proven useful as tools to study cell motility in three
dimensions, as they can be fabricated to recapitulate desired as-
pects of extracellular matrix (ECM) properties in a highly tunable
and reproducible manner [6,7]. Here, we exploit one such system,
peptide-functionalized poly(ethylene glycol) (PEG) hydrogelsformed via thiol–ene chemistry, as a versatile matrix to study
hMSC migration ex vivo and in real time.
During development, wound healing and other in vivo pro-
cesses, cell migration is governed by a complex milieu of structural
[8–10] and bioactive [11,12] extracellular signals [5]. Pioneering
work performed in two dimensions has provided the ﬁeld with
an understanding of how cell motility depends on cell–matrix
interactions such as substrate stiffness [13–15] and adhesivity
[11,15,16]. However, more recent literature demonstrates that
two-dimensional (2-D) phenomena may not fully translate to three
dimensions; for example, Doyle et al. [8] compared ﬁbroblast
migration on 2-D ﬁbronectin substrates with 3-D cell-derived ma-
trix and saw signiﬁcant differences in migration speed and leading-
edge protrusion rate when changing the dimensionality. Three-
dimensional substrates can better recapitulate aspects of the
in vivo microenvironment and allow for further understanding of
cell migration as cells are not un-naturally polarized in three
dimensions and matrices can be designed to require degradation
by cell-secreted enzymes, such as matrix metalloproteinases
(MMP), for local spreading and migration. Natural materials, such
as collagen [17] and matrigel [18], provide a heterogeneous, ﬁbril-
lar platform to observe the role of extracellular cues in regulating
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however, there can be large batch-to-batch variability, as well as
complex relationships between adhesivity and mechanical proper-
ties that are difﬁcult to deconvolute. Synthetic materials can repro-
duce many of these cues in a controlled manner in vitro and allow
one to study systematically their effects on cell migration, though
they lack biological signals. Therefore, peptide-functionalized syn-
thetic hydrogels can serve as an attractive option as extracellular
matrix analogs, providing a platform with tailorable biophysical
and biochemical cues to study 3-D cell migration [7].
In the work of Ehrbar et al. [19], 8-arm PEG hydrogels were used
to show that the speed of migration of pre-osteoblastic cells was
reduced with increasing polymer density. Further, mouse MSCs
were observed to undergo collective migration when entrapped
in a ﬁbrous clot embedded in a hyaluronic acid gel; the cells also
showed reduced migration speeds when surrounded by a matrix
of increasing polymer density [20]. Beyond matrix density, other
important extracellular material properties are the mechanism
by which the material degrades and its interplay with how a cell
locally migrates in relation to local matrix remodeling. Early work
by Raeber et al. [21] used a 3-D culture platform from 4-arm PEG–
vinyl sulfone that was reacted with an MMP-degradable peptide to
demonstrate that human foreskin ﬁbroblasts rely on the secretion
of proteases to spread and migrate in a density-dependent manner.
These results may appear somewhat intuitive, as matrix density of-
ten necessitates degradation of the local microenvironment by
cell-secreted proteases [22], but the relationship can be complex
as the matrix density also inﬂuences the local adhesive ligand den-
sity and matrix mechanical properties. Each of these ECM proper-
ties can inﬂuence cellular functions, such as MMP activity [23,24]
and matrix deposition [25], which in turn can affect cell reorgani-
zation of its local matrix density.
Along with the mechanical properties of a matrix, the adhesiv-
ity of the network plays a signiﬁcant role in regulating cell spread-
ing and migration. Many cell types simultaneously rely on
adhesion to proteins within their extracellular space in addition
to matrix degradation before they can migrate through a 3-Dmate-
rial microenvironment. Using model surfaces and protein matrices,
such as inclusion of the ﬁbronectin peptide mimic RGDS, adhesive
ligand density has been shown to play a crucial role in regulating
migration of multiple cell types, including ﬁbroblasts [26] and
prostate cancer cells [18]. For example, in the seminal work of
Palecek et al. [11], CHO cells cultured on 2-D substrates coated
with either ﬁbronectin or ﬁbrinogen had a biphasic response in
their mean cell speed in relation to substrate adhesivity. This trend
was also observed when a ﬁbroblast cell line, HT-1080s, was
encapsulated in a 3-D MMP-degradable PEG gel [27]. While the
speed of migration was dependent on the concentration of the
RGDS epitope, the effect was much smaller in three dimensions
and could potentially be attributed to the weaker matrix interac-
tions of this cancer cell line. Earlier work [9] studied 3-D MSC
migration in a polarizing macroporous environment and impli-
cated stiffness and ligand density as potent regulators of speed. Fi-
nally, collectively migrating mouse MSCs demonstrated a slight
monotonic increase in distance traveled from a ﬁbrous clot when
the CRGDS concentration range was increased from 0.1 to
1.0 mM in a surrounding hyaluronic acid–based gel [20].
Despite this foundational work in correlating cell migration to
microenvironmental cues, there is a gap in our knowledge of
how these chemical and physical cues regulate individual hMSC
migration in three dimensions, especially over a broader range
of material properties. To address this issue, we used the photoini-
tiated thiol–ene reaction to create peptide functionalized PEG
hydrogels of varying crosslinking density (0.18 ± 0.02–
1.60 ± 0.04 mM) and ligand density (0.001–1.000 mM CRGDS)
[28]. Speciﬁcally, a 4-arm PEG macromolecule was end-cappedwith norbornene functionalities and crosslinked with cysteine-
containing peptides (KCGPQG;IWGQCK) through radical-
mediated, step-growth photopolymerization to form highly
swollen gels (97.3–98.4% water). The linker peptide sequence is
susceptible to cleavage by MMPs 1,2,3,8 and 9 [29,30], all of which
hMSCs have been observed to secrete [31–34], thus providing a
substrate that hMSC can locally degrade. Further, this thiol–ene
reaction allows for covalently tethering pendant peptide
sequences, such as CRGDS, to promote cell–matrix interactions.
Further analysis of actin structure and b1 integrin spatial distribu-
tion is characterized using immunohistochemistry to better
understand local cell–matrix interactions. Through manipulation
of the macromer solution composition, microenvironments with
tailored crosslinking density and adhesive ligand concentration
were prepared for 3-D hMSC culture, and morphology, speed,
polarity and persistence were monitored in real time as a function
of systematic changes to the matrix properties. These results pro-
vide valuable insight into hMSC migration, including how individ-
ual hMSC interact and attach with their local microenvironment,
and how these materials can be manipulated to control the migra-
tion phenotype and provide further insight into the role of matri-
cellular signaling on hMSC migration. We believe that this
quantitative characterization should prove useful for the develop-
ment of scaffold design for hMSC, especially those developed as
cell carriers and/or platforms for cell colonization and inﬁltration.2. Materials and methods
2.1. Macromer synthesis
Norbornene acid was conjugated to 4-arm PEG-hydroxyl (Jen-
Kem, USA), as previously described to create 4-arm PEG-norborn-
ene [28]. In brief, this occurs through the addition of norbornene
acid to the PEG-OH by symmetric anhydride N,N’-dicyclohexylcar-
bodiimide (DCC) coupling. Norbornene acid was dissolved in
dichloromethane and reacted with DCC to couple the norbornenes.
This was transferred anhydrously to a second reaction ﬂask. The
second reaction ﬂask contained 20 kDa 4-arm PEG-OH dissolved
in DCM, 4-(dimethylamino)pyridine and pyridine, and was stirred
overnight. The urea by-product was ﬁltered using a glass-fritted
funnel. The ﬁltrate was then washed with alternating glycine buf-
fer and brine wash to remove unreacted norbornenes. The ﬁnal
product was precipitated and washed with ice-cold diethyl ether.
Proton nuclear magnetic resonance (1H-NMR) was used to charac-
terize the purity and functionality (>95% for these studies) of the
product (Supplemental Fig. 1).
Synthesis of the peptide sequences KCGPQG;IWGQCK, CRGDS
and CRDGS was completed on either a 433A solid-phase peptide
synthesizer (Applied Biosystems) or a Tribute peptide synthesizer
(Protein Technologies) using standard solid-phase peptide re-
agents with ﬂuorenylmethoxycarbonyl (Fmoc) chemistry on a
Rink-amide resin. Peptides were cleaved from the resin and puri-
ﬁed using reverse-phase high-performance liquid chromatogra-
phy, and molecular weights were conﬁrmed by matrix-assisted
laser desorption ionization mass spectrometry.2.2. Cell culture
hMSCs were isolated from bone marrow aspirates (Lonza). Bone
marrow from a single donor was combined with the ammonium
chloride solution (Stem Cell Technologies) vortexed and iced for
10 min to lyse red blood cells. Cells were then washed twice and
plated with growth medium (low-glucose Dulbecco’s modiﬁed Ea-
gle’s medium, 10% fetal bovine serum (FBS), 50 U ml1 each of pen-
icillin and streptomycin, 1 lg ml1 Fungizone antimycotic and
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2, Peprotech)). hMSCs were distinguished as the plastic adherent
cells and were cultured at 37 C and 5% CO2. After 72 h, non-adher-
ent cells were washed away using growth medium. Subsequently,
medium was changed every 2–3 days to remove non-adherent
cells and the medium was replenished. After cells reached 70–
80% conﬂuency, they were trypsinized and frozen in a solution of
95% FBS and 5% dimethyl sulfoxide. For all experiments, hMSCs
were thawed and passaged at 70–80% conﬂuence with medium
changes every 2–3 days. For all of these studies, hMSCs from pas-
sage two or three were used.
2.3. Gel formulation and characterization
The pre-polymerized solution consists of 6 wt.% PEG-norborn-
ene (3 mM, f = 4), a speciﬁc amount of peptide crosslinker
(KCGPQG;IWGQCK, f = 2) with an off-stoichiometric thiol to -ene
ratio of 0.65, 0.725 or 0.85 (3.9, 4.35 or 5.1 mM, respectively),
1 mM CRGDS, 1 mM CRDGS (f = 1) and 0.05% lithium phenyl-
2,4,6-trimethylbenzoylphosphinate [35]. CRDGS is a non-bioactive
scramble of CRGDS that allows for similar material properties be-
tween gels of varying concentration of bioactive CRGDS by keeping
the pendant peptide concentration equivalent between all sam-
ples. For 3-D cell studies, cells were suspended in phosphate buf-
fered saline and added to the pre-polymer solution at a density
of 2  105 cells ml1. The solutions were placed under 365 nm light
at 10 mW cm2 for 3 min. In situ rheometry demonstrated full gel
conversion after 3 min (data not shown). These gels were then
placed in experiment medium (growth medium without 1 ng ml1
FGF-2) for swelling overnight.
The swollen mass of the gels was measured and divided by the
theoretical dry mass to calculate the swollen mass ratio (q). Paral-
lel plate rheometry was also performed on an Ares 4400 rheometer
(TA instruments) with 10% strain frequency sweep and a 10 rad s1
strain sweep. The elastic modulus was determined when the gel
was in the linear viscoelastic regime for both the frequency and
the strain sweep.
2.4. Real-time cell motility and spreading studies
Cell motility in cell-laden hydrogels was characterized using a
Nikon TE 2000-E microscope with a Nikon environmental chamber
and an external heater (In vivo Scientiﬁc) and CO2 regulator (In
vivo Scientiﬁc). Hydrogels were polymerized and swollen as de-
scribed previously, then placed in a 24-well culture insert plate
(BD Falcon, Fisher) and held in place by a transwell insert (Becton
Dickinson) with the bottom removed by a 5 mm biopsy punch.
Fresh experimental medium was placed in the well at the begin-
ning of each experiment. Real-time tracking was performed using
Metamorph software for automated stage control, image collecting
and positional cell tracking. After 30 h in culture, cell center track-
ing was commenced and followed for 7 h. A Matlab (Mathworks)
program was used to analyze the positional outputs and ﬁt the
data to a Persistent Random Walk model [36]:
hd2ðtÞi ¼ 2S2P½1 Pð1 et=PÞ ð1Þ
where hd2(t)i is the mean-square displacement (MSD) of the cell
calculated using the overlap method, S is the speed of the cell,
which is calculated by the total distance covered over the tracking
window divided by 7 h, t is time and P is persistence, which is the
characteristic time thata cell migrates in a certain direction. All cell
migration tracks were assumed to be isotropic, and appropriate
scaling of the MSD was applied to account for the z-directional
migration. The individual cell’s mean free path, the characteristic
length a cell migrates in a certain direction, can then be calculatedby multiplying the speed with the persistence. Only cells that had a
mean free path greater than 3 lm were considered to be migrating
and used to calculate population averages. Metamorph was also
used to measure cell spreading within the different gel systems.
The elliptical form factor (EFF) was calculated by taking the ratio
of the major axis (length) to the perpendicular minor axis (width).
This ratio allows for a quantiﬁed comparison of cell spreading,
where a cell with an EFF of 1 would be completely round and a cell
with an EFF of >1 would be spread more along the length.
The MSD for each condition was calculated by averaging the
individual MSDs of all the cells for a given condition. These were
compared to ballistic migration (straight-line migration) and diffu-
sion migration (random migration). These scale with time to the
second and ﬁrst powers, respectively. Turning probabilities were
compiled by calculating the change in angle of each cell’s move-
ment at each time point. These were then placed in a histogram
with a bin size of 10. The percent of forward movement, deﬁned
as a turning angle of <40, was calculated to more fully elucidate
differences between the systems.
2.5. Immunostaining
Hydrogels with encapsulated cells were fabricated as previously
described. Cells were cultured in these hydrogels for 48 h, ﬁxed
using 4% paraformaldehydein phosphate-buffered saline (PBS) for
15 min, rinsed twice with PBS for 5 min, permeabilized with 1%
Triton X-100 for 1 h, rinsed twice with PBS for 10 min, and blocked
using 5% bovine serum albumin (BSA) in PBS for 1 h at room tem-
perature and overnight at 4 C. Unless noted otherwise, all steps
were performed at room temperature. Cells were then incubated
with b1 primary antibody solution (Abcam, 1:20 dilution) with
3% BSA and 0.1% Tween-20 overnight at 4 C. The gels were washed
three times with wash buffer, then incubated with goat anti-mouse
488 secondary antibody (Life Technologies, 1:200 dilutionin 3%
BSA and 0.1% Tween-20 in PBS overnight at 4 C. Gels were washed
twice using 3% BSA and 0.1% Tween 20 for an hour at room temper-
ature and then overnight at 4 C. They were then incubated with
tetramethylrhodamineisothiocyanate–phalloidin (1:200 dilution)
and 4’,6-diamidino-2-phenylindole (DAPI, 1:1000 dilution) for 1 h
at room temperature. Confocal imaging was performed on an
LSM 710 confocal microscope (Zeiss).
2.6. Statistical analysis
A one-way analysis of variance (ANOVA) with a Tukey’s test
(a = 0.05) was performed on all data sets to determine statistical
signiﬁcance. For persistence, there was extremely high variability
for a few points; therefore, all points outside of 3 standard devia-
tions from the mean were considered outliers and not used for sta-
tistical measurements. For all conditions tested, this removed only
three cells from the calculations. All experiments were performed
three times, and cell metrics were pooled from these different bio-
logical replicates for statistical calculations.3. Results and discussion
3.1. Peptide-functionalized PEG hydrogels: controlling physical and
chemical properties
hMSCs were encapsulated within 4-arm PEG-norbornene
hydrogels through photopolymerization with a dithiol, MMP-
degradable peptide (KCGPQG;IWGQCK) linker and the introduc-
tion of an adhesive ligand mimic, CRGDS, and its non-bioactive
scramble, CRDGS. To control the initial network crosslinking den-
sity, the dithiol linker was added at three different stoichiometric
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and high crosslinking density gels, respectively. For organization
and simplicity, the gel crosslinking density is referred to as low,
medium or high throughout this discussion. The different cross-
linking densities showed a decreasing trend in swelling ratio with
increasing dithiol linker concentration from low to high of 62 ± 1
(98.4% water), 49 ± 1 (98.0% water) and 37 ± 1 (97.3% water)
(Fig. 1). In general, the higher the gel crosslinking density, which
is achieved by increasing the peptide crosslinker content, the den-
ser the polymer network that cells must locally degrade in order to
spread and migrate. Note that the network mesh size is orders of
magnitude smaller (nanometer size scale) than the size of a cell
(micrometer size scale). The elastic modulus of gels is directly pro-
portional to the network crosslinking density, and the low, med-
ium and high gels demonstrated an increase in elastic modulus
with increasing dithiol concentration of 110 ± 10, 360 ± 10 and
1180 ± 30 Pa, respectively (Fig. 1). Over large ranges of elasticity,
material stiffness has been shown to affect hMSC attachment,
spreading and differentiation on 2-D substrates [37]; however, less
is known about how substrate elasticity inﬂuences hMSC morphol-
ogy, phenotype and migration in three dimensions.
By applying rubber elasticity theory and the experimentally
measured equilibrium swelling ratio and elastic modulus, the
crosslinking density was calculated for each of the three systems
and was found to be 0.18 ± 0.02, 0.54 ± 0.01 and 1.60 ± 0.04 mM,
with increasing dithiol concentration [38]. These calculated values
varied from what is expected theoretically for ideal networks that
are free of loops and entanglements and completely reacted at
these stoichiometric levels. The predicted crosslinking density for
ideal networks is 0.43 mM for the low, 0.74 mM for the medium
and 1.44 mM for the high gel. This implies that there are non-ide-
alities present in the system for the lower two gel systems, which
results in a larger mesh size than expected and potential gelFig. 1. Thiol–ene photopolymerization of a tetra-functionalized PEG-norbornene, MMP c
through a radically mediated step growth reaction to encapsulate hMSC within a 3-D tu
modulus (G0) and crosslinking density (qxl, calculated from rubber elasticity theory), w
thiol:ene ratio increases, the mass swelling decreases, the % water slightly decreases, andefects, such as dangling ends or loops. Interestingly, at the highest
stoichiometric ratio/crosslinking density, the value calculated
based on experimental measurements of the gel properties was
higher than that predicted, possibly indicating the role of entangle-
ments acting as effective crosslinks. Regardless, these defects are
still orders of magnitude smaller than a cell body and do not inter-
fere with the degradability of the gel. On a relative basis, these net-
works are much better suited for 3-D cell culture than the widely
used chain-polymerized PEG gels [39–41]. Despite the non-ideali-
ties and deviation from theoretical predictions, the characteriza-
tion of these gels indicates that one can systematically
manipulate the polymer density and elasticity of the networks by
simple variations in the amount of dithiol peptide in the pre-poly-
mer solution.
3.2. Effect of crosslinking density on cell spreading and morphology
To understand the effect of crosslinking density on hMSC mor-
phology and spreading in three dimensions, hMSCs were photoen-
capsulated in PEG-norbornene hydrogels at low, medium, and high
crosslinking densities with 1 mM CRGDS to promote cell–matrix
interactions. At early time points (30 h), the high crosslinking den-
sity in the gels limits cell spreading, as observed by a decrease in
the EFF with increasing crosslinking density (Fig. 2). Speciﬁcally,
the EFF decreased with increasing crosslinking density from
3.9 ± 0.2 (low) to 2.9 ± 0.1 (medium) to 1.6 ± 0.1 (high) (Fig. 2D).
For comparison, ﬁbroblasts within collagen, ﬁbrin and cell-derived
matrix were reported to have an EFF of 4, which correlates well
with the low crosslinked gel system [27]. In loosely crosslinked
gels, hMSCs appeared more uniaxial and highly elongated
(Fig. 2A); however, in medium crosslinked gels, cells were less
spread and only smaller protrusions were observed (Fig. 2B). Cells
encapsulated in the high crosslinked gels were mostly rounded,leavable peptide (KCGPQG;IWGQCK) and adhesive ligands (CRGDS, CRDGS) occurs
nable microenvironment. The table presents mass swelling ratio (q), % water, shear
hile the thiol:ene ratio was varied to produce low, medium and high gels. As the
d the shear modulus and crosslinking density both increase.
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Fig. 2. Morphology of encapsulated hMSCs cultured for 30 h in gel systems with various crosslinking densities. (A) Bright-ﬁeld image (10 magniﬁcation) of hMSCs in a low
(65%) gel. Cells were found to be well spread and linear. (B) Bright-ﬁeld image (10 magniﬁcation) of hMSCs in a medium (72.5%) gel. Cells were found to be spread, with
many protrusions. (C) Bright-ﬁeld image (10 magniﬁcation) of hMSCs in a high (85%) gel. Cells were rounded, with few or no protrusions. (D) An elliptical form factor was
calculated by dividing the length and perpendicular width of each cell. There is a signiﬁcantly (⁄p < 0.05) decreasing trend found from a one-way ANOVA and Tukey’s test. The
scale bar represents 100 lm.
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although the polymer density is relatively low in all of the systems
(1.6–2.7 wt.% polymer, Fig. 1), an increase in the number of cross-
links that a cell must degrade impedes cell spreading.
3.3. Effect of crosslinking density on hMSC motility
Along with cell morphology, single-cell migration was analyzed
using live-cell videomicroscopy in each of the hydrogels. Cell
tracks were followed for a continuous 7 h. Tracking was com-
menced after the cells had been cultured for 30 h post-encapsula-
tion in the gels; this time point was selected to allow cells to
recover from trypsinization and encapsulation, as well as to allow
for some local matrix remodeling before monitoring migration. Iso-
tropic motility was observed over the range of crosslinking densi-
ties studied from 0.18 ± 0.02 to 1.60 ± 0.04 mM, as hypothesized
based on the lack of polarizing cues within the material or med-
ium. MSDs were calculated from the cell tracks for each cell and
were averaged over all migrating cells for an aggregate MSD for
each gel composition. Comparisons are shown for ballistic migra-tion, which scales to the second power with time, and diffusive
migration, which scales to the ﬁrst power with time. Ballistic
migration describes a cell that migrates persistently in a straight
line, whereas diffusive migration describes one moving in a com-
pletely random path. All three slopes fall in-between a completely
persistent and a completely random migration, prompting further
analyses of the persistence of the cells.
During cell migration, motile cells polarize to direct their migra-
tion spatially, and this process plays a key role in how persistent a
cell migrates. The degree of cell polarization can be quantiﬁed indi-
rectly within our system by calculating the probability of a cell to
migrate in a speciﬁc direction relative to the previous direction in
which it migrated. Using this type of analysis, polarized cells sus-
tain their polarity in a ﬁxed direction while randomly migrating
cells have unbiased isotropic turning probabilities. Therefore, a cell
that has a sustained polarization in a certain direction during
migration will have a high probability of very low turning angles.
Conversely, a cell that has a highly transient polarization will have
an equal probability to turn in any direction. All three systems
demonstrated a similar bias toward polarized cells, with migration
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a critical angle of 40 was deﬁned to calculate the percent of turns
where a cell continued in a similar direction to its previous move-
ment and therefore stayed polarized (gray area in Fig. 3B). The per-
cent of turning angles that were 40 or less were 38.9, 36.3 and
37.8% with increasing crosslinking density. These values are quite
similar, and argue that varying the crosslinking density does not
manipulate a cell’s ability to sustain polarization while migrating
in a 3-D network. This result is a bit counterintuitive in that it
would seem that, in increasing the network density, a cell would
need to degrade more of the local network to continue in a sus-
tained direction and therefore would be less likely to stay polar-
ized. However, the observed independence of polarization on
crosslinking density may instead be correlated to the fact that
speed is affected by network density, though hMSCs remain polar-
ized for equivalent time frames. Given that there are no external
chemotactic factors, such as growth factors or cytokines, to induce
polarization, it is possible that the sustained polarization is a result
of local up-regulation of secreted proteolytic factors at a particular
location on the cell; however, this is difﬁcult to measure [42].
Greater insight into local quantiﬁcation of the network’s stiffness
and crosslinking density (i.e. how hMSC have remodeled and al-
tered the local material properties) would help better elucidate
these effects on cell migration.
Complementary to the above analyses, key metrics from this
data were obtained by ﬁtting the MSD data to a Persistent Random
Walk model. This approach allows for the calculation of the speed,
persistence, and mean free path of migrating hMSCs as a function
of gel properties [36]. hMSC speed correlated similarly with mor-
phology, as average speed decreased from 17.6 ± 0.9 lm h1to
13.6 ± 1.0 lm h1and then to 7.9 ± 0.5 lm h1 as the network den-
sity decreased (Fig. 4A). The percentage of cells migrating followed
the same trend, as migrating cells decreased from 59% to 42% and
then to 20% with increasing crosslinking density (Fig. 4C). Cell sur-
vival has been previously reported to be very high (>95%) in similar
gel systems for up to 2 weeks [28,43], so the non-migrating popu-
lation was likely not due to loss of cell viability. Collectively, these
data corroborate the hypothesis that denser networks inhibit
hMSC migration, as cells must locally degrade more crosslinks in
their pericellular space in order to spread and migrate. This results
in slowing both the speed at which hMSCs can migrate and the
overall number of cells that can overcome the physical barrier to
migration. Interestingly, cell persistence over the range of cross-
linking densities studied did not show any statistically signiﬁcant
differences (Fig. 4B). This correlates well with the cell polarity data
(Fig. 3B). The mean free path of the cell’s motility was also equiv-10 100 1000
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Fig. 3. hMSC migration was followed over 7 h using live-cell videomicroscopy. The effe
calculated from the cell tracks measured using Metamorph. (A) The MSD was similar for t
had slopes that fell between 1 (randommigration) and 2 (ballistic migration). (B) Sustain
of sustained steps.alent for the three crosslinking densities (Fig. 4D). This lack of sta-
tistical signiﬁcance found in cell motility might also relate to the
larger amount of heterogeneity of persistences observed for each
cell population; hMSCs are primary cells and there is typically het-
erogeneity in the differentiation potential of the populations as
well [1]. Interestingly, despite slower speeds in more highly cross-
linked networks, it was still observed that cells moved on similar
characteristic time and length scales over this range of crosslinking
density.
3.4. Actin cytoskeleton and b1 integrin organization and structure
Cells spread and migrate within 3-D networks through adhe-
sion to the matrix via integrin binding. To further understand
how hMSCs interact with pendant adhesion functionalities (i.e.
CRGDS) when encapsulated in thiol–ene hydrogels, immunohisto-
chemistry was used to visualize actin cytoskeleton organization
and b1 integrin distribution for cells entrapped in gels of various
crosslink densities. As mentioned previously (Fig. 2), there was a
distribution of cell spreading and morphologies within the three
different systems; Fig. 5 provides more detailed characterization
of the cell cytoskeleton. In brief, hMSCs had numerous actin stress
ﬁbers in all gels, regardless of crosslinking density.
Immunostaining for b1 integrin was performed to better under-
stand the effect of crosslinking density on the ability of hMSCs to
adhere to and interact with matricellular cues in the gels. b1 inte-
grin plays a prominent role in cell motility and is one of the pri-
mary integrins that binds to the adhesive RGD motif [44]. b1
integrin was localized to punctate foci at the end of actin stress ﬁ-
bers for all three crosslinking densities, illustrating strong cell
adhesion to the network (Fig. 5). The actin stress ﬁbers and b1 inte-
grins appear similar to what has been reported for ﬁbroblasts in 3-
D environments composed of cell-derived matrix, collagen and ﬁ-
brin [45]. Therefore, although the thiol–ene gels are synthetic
matrices with a smaller mesh size, they appear to appropriately
recapitulate some of the critical factors present in natural materi-
als to promote cell attachment and spreading in these 3-D environ-
ments. Furthermore, the observance of similar integrin staining in
three dimensions for all three gel systems prompted us to pursue a
more in-depth study into varying the adhesivity of the network
and its effect on cell migration.
3.5. Effect of RGD density on cell morphology
Along with substrate stiffness and crosslinking density, sub-
strate adhesivity has been shown to affect MSC migration in two0 45 90 135 180
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Fig. 4. Cell tracks from hMSC migration in three dimensions are modeled using a Persistent Random Walk model (PRW). Effect of varying crosslinking density on hMSC
migration. (A) Cell speed shows a decreasing trend with increasing crosslink density. ⁄Signiﬁcant at p < 0.05. (B) Persistence shows no statistical difference over the various
crosslink densities. (C) Percent migration shows a decreasing, though not statistically signiﬁcant, difference. (D) The mean free path was not affected by varying the
crosslinking density.
Fig. 5. Encapsulated hMSCs were cultured in gels at the three different crosslinking densities for 48 h and immunostained for actin (red), b1 integrin (green) and DAPI (blue).
(A) Low crosslinking, (B) medium crosslinking and (C) high crosslinking. Spread hMSC in all three gels systems show actin ﬁber formation and punctate b1 integrin at the ends
of these ﬁbers over this range of crosslinking densities. The scale bars represent 50 lm.
K.A. Kyburz, K.S. Anseth / Acta Biomaterialia 9 (2013) 6381–6392 6387dimensions and collective MSC migration in three dimensions. Wu
et al. [46] showed that in two dimensions the concentrations of
ﬁbronectin, vitronectin and collagen coated on glass slides affected
MSC speed. Lei et al. [20] reported that collective migration of
mouse MSC in 3-D hyaluronan gels showed slight differences in
overall distance migrated from a ﬁbrin clot when the adhesivity
of the network was varied. Here, hMSCs were encapsulated in gels
containing various CRGDS concentrations to study how ligand con-
centration alters single cell morphology and migration in an isotro-
pic network. While this work provides one of the ﬁrstcharacterizations of MSC migration in three dimensions, experi-
ments with natural materials are confounded by the fact that
material density and adhesivity are fully coupled in natural gels.
In the thiol–ene gel system, these parameters can be decoupled,
enabling the systematic investigation of ligand density on cell
migration for each gel composition. Here, a non-bioactive scramble
of CRGDS was introduced to keep the total pendant peptide con-
centration equivalent while varying the concentration of the bioac-
tive CRGDS so that the crosslinking density and resulting gel
elasticity remained similar for the various systems. Swelling stud-
6388 K.A. Kyburz, K.S. Anseth / Acta Biomaterialia 9 (2013) 6381–6392ies were also performed on all gels to ensure similar water
contents.
The effect of changing CRGDS ligand density on hMSC morphol-
ogy, migration and cellular interaction was observed in the low
crosslinked gels, as these gels facilitated the highest degree of
spreading and migration. This selection allowed for easier elucida-
tion of differences in outputs when ligand density was varied.
Bright-ﬁeld images and elliptical form factor calculations of the
cells show signiﬁcant increases in cell spreading with increasing
CRGDS after 30 h (Fig. 6). At 0 and 0.001 mM CRGDS concentra-
tions, hMSCs were rounded, with no visible protrusions (Fig. 6A
and B). An increase to 0.01 mM CRGDS showed cells that were still
quite rounded, but protrusions were emerging from the rounded
cells (Fig. 6C). At 0.1 mM and 1.0 mM, the large majority of cells
were highly spread, elongated and uniaxial (Fig. 6D and E). These
changes in cell shape are also reﬂected through quantiﬁcation of
EFF values, with signiﬁcant increases between 0.01 and 0.1 mM
and between 0.1 and 1.0 mM (Fig. 6F). In general, below a certain
threshold at low CRGDS concentration, cells are rounded, presum-
ably because of limited adhesions to the matrix, but cell attach-
ment appears to increase as the CRGDS concentration is
increased to 0.1 mM and beyond, as observed by the dramatic
changes in morphology and spreading.
3.6. Actin cytoskeleton and b1 integrin organization and structure
To more fully characterize and understand the implications of
these changes in hMSC morphology, immunohistochemistry was
performed to study actin cytoskeletal formation and b1 integrinBA
ED
Fig. 6. Morphology of encapsulated hMSCs cultured for 30 h in gel systems with varyin
Cells were rounded. (B) Bright-ﬁeld image (10 magniﬁcation) of hMSCs in 0.001 mM CR
0.01 mM gels. Cells were rounded, with few or no protrusions. (D) Bright-ﬁeld image (
Bright-ﬁeld image (10 magniﬁcation) of hMSCs in 1.0 mM CRGDS gel. Cells were more
and perpendicular width of each cell. There is a signiﬁcant (⁄p < 0.05) increasing trend fou
0.1 and 1.0 mM systems. The scale bar represents 100 lm.distribution as indicators of cell–material interactions. Decreasing
the RGD concentration resulted in a notable decrease in actin stress
ﬁber formation and b1 integrin staining at the end of actin stress
ﬁbers (Fig. 7). For cells within 0 and 0.001 mM RDG gels, no spread-
ing was observed in the representative images, the cells being pri-
marily rounded, with only diffuse actin staining and little or no b1
integrin staining (Fig. 7A). Within 0.01 mM RDG gels, hMSCs
showed small protrusions but little, if any, b1 staining at the end
of the small actin ﬁbers, with much of it being found on the
rounded cell edges (Fig. 7B). Increasing the RGD concentration to
0.1 and 1.0 mM, spread cells have well-formed actin ﬁbers, with
punctate b1 staining at the end of ﬁbers being signiﬁcantly present
in the 1.0 mM gels (Fig. 7C and D). This correlates well with the EFF
data, and further argues that, across this wide concentration range,
lower concentrations of CRGDS lead to low levels of cell interac-
tions with the matrix, resulting in a less-developed actin cytoskel-
eton, whereas higher concentrations promoted high cellular
interactions and the development of numerous actin stress ﬁbers.
With these signiﬁcant changes in cell morphology and interactions
as a function of matrix composition, we hypothesized that signiﬁ-
cant variations may exist in hMSC migration over this range of
adhesive ligand density.
3.7. Effect of RGD on hMSC motility
hMSC migration was followed through live-cell videomicros-
copy over the same range of CRGDS densities for 7 h. Again, cell
tracks were monitored and the MSD were calculated using the
overlap method [36]. In contrast to the results with crosslinking0 
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nd from a one-way ANOVA and Tukey’s test between the ﬁrst three systems and the
Fig. 7. Encapsulated hMSCs were cultured in gels with various CRGDS concentrations for 48 h and immunostained for actin (red), b1 integrin (green) and DAPI (blue). (A) For
0.001 mM gels, cells remain rounded and show little if any b1 integrin, even on the rounded edges of the cell. (B) For 0.01 mM gels, actin protrusions are present but limited,
with few b1 integrin staining on actin ﬁbers. (C) For 0.1 mM gels, cells are spread, with large, protrusive actin ﬁber formation, with b1 integrin staining on the protrusions. (D)
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bar represents 50 lm.
K.A. Kyburz, K.S. Anseth / Acta Biomaterialia 9 (2013) 6381–6392 6389density, we observed an increasing trend in the MSD slopes with
increasing CRGDS concentration, except for an anomalous decrease
in slope for cells encapsulated within the 0.1 mM CRGDS function-
alized gels (Fig. 8A). All slopes similarly fall in-between the ballistic
and diffusive slopes, prompting further quantiﬁcation and study of
the persistence of individual cell migration.
The directional turning probabilities for the three highest
CRGDS concentrations are presented in Fig. 8B. The hMSC encapsu-
lated in gel formulations with CRGDS concentrations between 0
and 0.001 mM were not plotted in this ﬁgure due to too few
migrating cells (n = 6 and n = 5, respectively), as well as the fact
that hMSCs in these gels showed very low cell speeds (5 lm h1).
Speeds of 5 lm h1 correlate with cells that are essentially not
moving but have non-zero speeds due to error from inadequately
tracking the exact center of a cell. The plot shows an increasing
trend in sustained cell polarity with increasing CRGDS concentra-
tion. Again, looking at the percent of forward movements (turning
angle <40), results illustrate a decrease in polarization with
decreasing CRGDS content from 38.9% (1 mM) to 34.6% (0.1 mM)
down to 31.0% (0.01 mM). These results suggest that hMSCs are
more polarized with increasing CRGDS concentration, presumablyrelated to increased cell–matrix interactions, which should in turn
promote higher cell persistence.
The MSD for each cell was then ﬁtted using a non-linear least-
squares regression to the Persistent Random Walk model to gain
insight into cell speed, persistence and mean free path while vary-
ing the CRGDS concentration. The trends in cell speed indicated
increasing speed with increasing CRGDS concentration at lower
concentrations, with plateaus at 16.9 ± 1.1 and 17.6 ± 0.9 lm h1
(0.1 and 1.0 mM, respectively) (Fig. 9a). It is speculated that this
occurs through the stochastic ability of a cell to garner signiﬁcant
attachment to the network, allowing actin cytoskeletal tension to
produce migration. Put differently, it is hypothesized that when
the network is more adhesive, a cell can attach and spread more
easily in order to provide the necessary tension to perform persis-
tent migration. The classic biphasic trend was not observed over
this range of ligand densities; rather, the trend is more similar to
the monotonic increase observed in the distance migrated for col-
lective mouse MSC migration in three dimensions [20]. Not sur-
prisingly, these speeds are less than half the speed of hMSCs
migrating in two dimensions found by Wu et al. [46], as cells in
two dimensions do not need to degrade a matrix as part of their
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was studied. (A) Cell speed shows an increasing trend with increasing CRGDS concentration.⁄Signiﬁcant at p < 0.05. (B) Persistence shows no statistical difference over the
varying CRGDS. (C) Per cent migration shows an increasing trend with increasing CRGDS concentration that plateaus for 0.1 mM and 1.0 mM gels. ⁄Signiﬁcant at p < 0.05. (D)
The mean free path was not affected by varying the CRGDS concentration.
6390 K.A. Kyburz, K.S. Anseth / Acta Biomaterialia 9 (2013) 6381–6392motility mechanism. Requiring cells to locally degrade their micro-
environment, which is typical of many in vivo tissues, provides a
signiﬁcant barrier to their migration speed in comparison to cell
migration on 2-D surfaces.
The percentage of cells migrating also increased over this range,
with a plateau observed in the number of migration cells at slightly
less than 60% for cells in gels with 0.1 and 1.0 mM CRGDS (Fig. 9C).
Very few cells migrated within the 0 and 0.001 mM CRGDS gels,
which correlates well with the spreading data in Fig. 6 (n = 6 and
n = 5, respectively). Therefore, it is believed that the concentration
of 0.001 mM CRGDS is below the threshold at which cells interactwith and form signiﬁcant attachments to the network to allow
spreading, and therefore lose their ability to migrate as well. Per-
sistence and mean free path were not found to be statistically dif-
ferent over the range of CRGDS concentrations studied (Fig. 9B and
D). The large variability in persistence is partially explained by the
heterogeneity in the cell population. The 3-D values of persistence
found for cells in this study are roughly twice as large as values ob-
served in two dimensions for hMSCs, and a similarly high variabil-
ity was observed in both platforms [46]. Finally, it should be noted
that the 2-D studies used full proteins instead of peptide mimics,
which certainly affects the strength of integrin interactions, so
K.A. Kyburz, K.S. Anseth / Acta Biomaterialia 9 (2013) 6381–6392 6391more in-depth comparisons of these numbers are potentially
confounded.
Thiol–ene networks allow for the simple synthesis of peptide-
functionalized PEG hydrogels with readily manipulated material
properties. Since the chemistry is cytocompatible, it provides for
a versatile system to study and observe cell migration, and here
we report on hMSC morphology and migration speed as a function
of matricellular properties [28]. We believe that such fundamental
knowledge will prove helpful in the engineering of materials to
serve as cell carriers or for the colonization of endogenous hMSCs
into a bone defect site. Interestingly, the structural and bioactive
inputs tested here do not manipulate the time and length scales
over which hMSCs migrate in a persistent manner. However, these
results are for hMSCs isolated from a single donor, and it would be
interesting to examine potential differences as a function of age
and/or gender [47]. This motivates future work to design more
complex systems, such as gradient presentation of soluble growth
factors or speciﬁc tethered cues to promote recruitment and per-
sistent anisotropic hMSC migration. Further, thiol–ene hydrogels
provide an interesting platform as they are photochemically con-
trolled, which can enable spatial and temporal control of mechan-
ical properties and bioactive presentation through photopatterning
[48]. This might allow for further study of physical and biological
complexity on different time scales to be introduced within the
network, and it would be interesting to use such an approach to
manipulate the cellular microenvironment to elicit desired migra-
tion responses.4. Conclusion
Thiol–ene photopolymerized hydrogels allow for the simple
introduction of important structural and bioactive inputs that gov-
ern hMSC migration within the in vivo microenvironment. In this
work, the effects of matrix crosslinking density and ligand density
on hMSCmigration were studied to provide insight for strategies to
better engineer materials for hMSC carrier platforms and materials
to recruit endogenous hMSC to fracture sites. It was shown that
hydrogels with low crosslinking density (0.18 ± 0.02 mM) and high
adhesivity (1 mM CRGDS) permitted higher cell speeds
(17.6 ± 0.9 lm h1), greater cell spreading (EFF = 3.9 ± 0.2) and
more sustained polarization. Also, there was a monotonic increase
in cell speed with increasing ligand density, rather than the bipha-
sic trend seen in two dimensions. Further, it was shown that
manipulating crosslinking density and ligand density did not sig-
niﬁcantly affect persistence. Thiol–ene photopolymerized hydro-
gels provide a valuable tool to study hMSC migration in 3-D
environments, and this knowledge should provide valuable insight
for future engineered materials.Acknowledgments
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